Photoacoustic spectroscopy is a recently developed nondestructive analytical technique that provides ultraviolet, visible, and infrared absorption spectra from intensely light scattering, solid, and/or optically opaque materials not suitable for conventional spectrophotometric analysis. In wood and other lignocellulosics, the principal ultraviolet absorption bands, in the absence of photosynthetic pigments, arise from the aromatic lignin component of the cell wals. Photoacoustic spectra of extracted lignin fragments (milled wood lignin) and synthetic lignin-like polymers contain a single major absorption band at 280 nanometers with an absorption tail extending beyond 400 nanometers. Photoacoustic spectra of pine, maple, and oak lignin in situ contain a broad primary absorption band at 300 nanometers and a longer wavelength shoulder around 370 nanometers.
peaks, at 280 nanometers and 320 nanometers. The presence of absorption bands at wavelengths greater than 300 nanometers in intact lignin could result from (a) interacting, nonconjugated chromophores, or (b) the presence of more highly conjugated structural components formed as the result of oxidation of the polymer. Evidence for the latter comes from the observation that, on the outer surface of senescent, field-dried wheat culms (stems), new absorption bands in the 350 to 400 nanometer region predominate. These new bands are less apparent on the outer surface of presenescent wheat culms and are virtually absent on the inner surface of either senescent or presenescent culms, suggesting that the appearance of longer wavelength absorption bands in senescent wheat is the result of accumulated photochemical modifications of the ligin polymer. These studies also demonstrate photoacoustic spectroscopy to be an important new tool for the investigation of insoluble plant components.
Lignin is a major cell wall component in woody plants and grasses, comprising 15 to 25% of the plant's cell wall material. Structurally, lignin consists of a variety of phenylpropane monomeric units randomly coupled together by an assoriment of carbon-carbon and ether linkages. In its native state in the cell wall, lignin probably exists as a 3-dimensional polymeric network of essentially infinite mol wt, owing in part to its random origin from enzyme-initiated free radical polymerization reactions (26) .
At the moment, it is not possible to remove lignin from wood without at least partially degrading its polymeric network superstructure. (9, 17) . DHPs,' although suitable for lignin biodegradation studies (15) , are also not completely suitable as models for lignin in situ.
Because of lignin's very high mol wt, interlocking 3-dimensional network superstructure, and close physical and chemical association with polysaccharides, its properties and functions in the cell wall can be determined only from studies in situ. Unfortunately, conventional spectrophotometric techniques are simply not compatible with insoluble, intensely light scattering materials such as wood (23) . Recently, a new nondestructive analytical technique, PAS, has been developed that does provide information about the UV, visible, and IR absorption spectra of solids, semisolids, powders, gels, and other materials not suitable for conventional optical analyses (23) . We have recently begun to apply this powerful new technique to the study of insoluble plant components, and in this paper report a partial characterization of the spectroscopic properties of intact lignin within the lignocellulosic matrix of the plant cell wall.
MATERIALS AND METHODS
Photoacoustic Spectroscopy. A detailed treatment of the theory of PAS has been published elsewhere (22, 24) . Simply described (Fig. 1) , the photoacoustic spectrum of a sample is obtained by placing the sample in an acoustically sealed cell containing air and a sensitive microphone. The sample is irradiated through a window with monochromatic light which is intensity modulated at a frequency within the response range of the microphone (typically, 20-10,000 Hz). Absorption of light by the sample, and subsequent thermal deexcitation of the excited electronic states, results in periodic microthermal changes within the sample. This in turn leads to a periodic heat flow from the sample to the surrounding gas. The resulting modulated small changes in the gas pressure within the sealed cell are detected by the microphone as acoustic pressure waves. The magnitude of this acoustic signal is proportional to the amount of heat emanating from the sample and, hence, to the amount of light absorbed. Because only absorbed photons can produce an acoustic wave, the light-scattering properties of the sample, or its optical opacity, have virtually no effect on the PAS absorption spectrum. Thus, the photoacoustic spectrum of a given material is an accurate representation of the optical absorption spectrum of that material (22) .
The photoacoustic spectrometer utilized in the studies reported here was constructed in-house and configured as a dual channel instrument to allow the collection of difference spectra (1) . Illumination was provided by a 1,000 w xenon lamp. IR radiation was removed from the excitation beam by an 8-cm water filter connected to a constant temperature refrigerated water circulator.
The excitation beam was modulated at 150 Hz for most experiments by a rotating sector chopper before passing through a quarter-meter grating monochromator (slits = 5 nm) equipped with a digital wavelength drive mechanism. The monochromatic light beam was divided by a reflective beam splitter into two equal beams which were focused into the sample cups of two model 6001 photoacoustic cells (EG & G Instruments, Princeton, NJ).2 The microphone output of each cell was amplified by a phase analyzing, lock-in amplifier, digitized and stored in a CRT (cathode ray tube)-equipped signal waveform recorder as a function of wavelength. Once stored in the waveform recorder, the spectra obtained from each cell could be ratioed, added, or subtracted as necessary using a Hewlett-Packard HP-85 computer. Processed spectra were read out on a X-Y plotter. Spectra, recorded at a scanning speed of 20 nm/min, were routinely corrected for the power spectrum of the illumination system by dividing the uncorrected sample spectrum by the photoacoustic spectrum of a carbon lampblack sample (22 (6, 21) .
The UV photoacoustic spectrum for a small piece of white pine wood reveals what appears to be the tail of an intense absorption band in the far-UV, below 220 nm, along with a broad absorption shoulder in the 300 to 350 nm range (Fig. 2a) . The photoacoustic spectra of the other major components of wood cellulose and hemicellulose (Fig. 2b) ) and purified hemicellulose (---). All spectra have been divided by the photoacoustic spectrum of a carbon lampblack sample to correct for the intensity spectrum of the illumination system. (Fig. 2b) from the wood spectrum shown in Figure 2a . b, Photoacoustic absorption spectrum of milled wood lignin powder from spruce wood. absorption band can be assigned to these polysaccharides. Subtracting the polysaccharides' far-UV absorption tail (Fig. 2b) from the spectrum shown in Figure 2a yields the UV spectrum of the lignin component of white pine wood shown in Figure 3a . This spectrum for lignin in situ consists of a relatively broad peak centered at 300 nm, with a shoulder apparent at about 350 nm and essentially no absorption beyond 400 nm. Very similar spectra were also obtained from samples of oak and maple wood (not shown). The spectrum for in situ lignin presented in Figure 3a also is somewhat similar to the photoacoustic spectrum of a sample of milled wood lignin (powder) (Fig. 3b) , although significant differences are also apparent-notably a -20 nm bathochromic shift of the absorption maximum in situ. To be certain the spectrum presented in Figure 3a accurately represents the in situ spectrum of lignin, the spectrum of finely chopped white pine wood (i.e. sawdust) was mixed with a small amount of BHT and the photoacoustic absorption spectrum of the mixture was recorded. The resulting spectrum clearly contains the 280 nm absorption peak, attributable to BHT, superimposed upon the wood lignin spectrum (Fig. 4) . This strongly suggests that spectra obtained by the procedure outlined above (Fig. 3a) are accurate representations of the UV absorption properties of the lignocellulosic sample.
The fact that a large proportion of the absorption spectrum of wood lignin in situ can be attributed to chromophores absorbing at greater than 300 nm indicates that lignin contains a substantial number of structural components more highly conjugated than simple phenolic-anti methoxy-substituted phenylpropane units. These more highly conjugated chromophores could be introduced into lignin at the time of its initial polymerization, or they may be generated within the polymer by nonspecific oxidation reactions associated with cell wall aging. Some evidence for each possibility can be found in the photoacoustic spectra of wheat lignin presented in Figures 5 and 6 . The photoacoustic spectrum of the outer surface of a 1-cm-long segment of intact, field-dried senescent wheat culm contains a very broad absorption band, with a The mixture spectrum has been corrected for polysaccharide absorption as in Figure 3a. A (a) and inner (b) surfaces were recorded. Both spectra were corrected for polysaccharide absorption as described in Figure 3a. more or less flat maximum extending from -320 nm to nearly 400 nm (Fig. 5a) . In sharp contrast, the photoacoustic spectrum of the inner surface of the same section of culm contains a comparatively sharp peak at 325 nm and almost no absorption beyond 375 nm (Fig. 5b) . A prominent shoulder at 280 nm, not at all apparent in the spectrum of the outer surface, can also be seen in the spectrum of the culm inner surface.
Photoacoustic spectra also were obtained from culm segments taken from mature, presenescent wheat plants. After Figure 3a .
Chi and other pigments by methanol extraction, the photoacoustic spectrum of the external surface of a presenescent culm segment was found to contain a broad absorption peak at about 335 nm, with a shoulder at about 370 nm (Fig. 6a) . The lignin absorption in the presenescent culm was comparatively lower at wavelengths greater than 350 nm than the lignin absorption in the field-dried, senescent culm. The photoacoustic spectrum of the inner surface of the presenescent culm (Fig. 6b) (14) . Heavily modified lignin degradation products generated during chemical pulping of wood also exhibit a major absorption band at 280 nm, but these materials generally also contain broad absorption bands in the visible region as well (10 As mentioned above, all of these studies were carried out with soluble lignin fragments, and so may not accurately reflect upon the actual properties of lignin in situ. In fact, the photoacoustic spectra of softwood (pine) and hardwood (maple, oak) lignin in situ are significantly different from their corresponding milled wood spectra (15, 25) in at least two respects: (a) the major absorption peak is around 300 nm in situ, rather than the expected 280 nm, and (b) the in situ spectra exhibit significant light absorption by lignin at wavelengths beyond 350 nm, including a prominent band at about 370 nm. At the moment, we can only speculate on the reasons for these differences. It is possible, for instance, that significant shifts in the absorption maximum of lignin in situ could result from the interaction of nonconjugated chromophores rigidly locked in close physical proximity (4, 13) . Such interactions have been shown to result in complicated spectral effects that do not correspond to the simple addition of the spectra of the two insulated chromophores or to the spectrum of the completely conjugated systems (13) . It does not seem unreasonable to suppose that such a situation may exist within the high mol wt, rigid, 3-dimensional lignin network found in situ, and that the interactions between chromophores may be largely destroyed when the lignin molecule is fragmented prior to solvent extraction.
Another possibility is that many of the absorption bands in the 300 to 400 nm region may be attributable to chemically modified or degraded lignin components resulting from natural aging of the polymer. Chemical modification of lignin is known to occur when lignocellulosic materials are exposed to near-UV light (300-400 nm) in the presenceof 02, probably as the result of singlet oxygenmediated oxidation reactions (7, 8, (18) (19) (20) . This photochemical oxidation of lignin was quite apparent on the outer surface of the field-dried, senescent wheat culm segment, where the 280 nm absorption band was greatly diminished in relationship to the longer wavelength bands (350-450 nm). The relative proportion of chromophores absorbing light above 350 nm was much lower for lignin near the outer surface of presenescent wheat culms, where much of the incident sunlight is absorbed by photosynthetic pigments. The supposition that this lower proportion is due to a difference in the accumulation of lignin photodegradation products is supported by the observation that the photoacoustic spectra of lignin associated with the cell layers on the inner surface of the culm, where the intensity of incident sunlight would be lowest, were not significantly different in presenenscent and field-dried plants. In both cases, the lignin spectra observed were similar to those reported for extractable lignin segments from other grasses, with primary absorption bands at 280 and 320 nm (5, 12) .
Finally, it is clear from the preliminary spectroscopic characterization of in situ lignin reported here that photoacoustic spectroscopy has the potential of becoming an extremely valuable analytical method for studying insoluble or optically dense biomaterials. For instance, studies currently in progress have indicated that photoacoustic spectroscopy can be used to monitor the progress of lignification in maturing tissue, as well as changes in lignin resulting from biological and/or chemical degradation. Unfortunately, the amount of specific structural detail which can be determined from UV-visible spectral data is somewhat limited. To augment the UV-visible information available from studies of lignin in situ, we have recently begun to characterize the IR absorption patterns of various lignocellulosic materials (wood, straw, etc.) using a fourier transform IR spectrometer equipped with a photoacoustic detector. These studies allow for the rapid determination of changes in specific functionalities within the lignin matrix and provide an extended insight into the chemical
